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1. INTRODUCTION

BACKGROUND

In recent years extensive theoretical and experimental research programs

have been funded in an effort to quantify the response of strategic structures

to airbiast and ground shock loadings. The success of a soil- (or rock-)

structure interaction analysis, whether static or dynamic, depends not only on

the accurate simulation of the structure but also on the mathematical material

models which are used to describe the behavior of the geologic materials which

surround the structure. Thus a prime requirement for predicting the response

of strategic structures to nuclear and high explosive blast loadings is an

understanding of the response of geologic materials to high intensity impulsive

loads.

There are several advanced constitutive models that may be used in ground

shock computer codes. Among the more popular are the Weidlinger Associates

Cap Model (Ref. 1) and the Air Force Weapons Laboratory (AFWL) Engineering

Model (Ref. 2). Some newly developed constitutive models include Lade's Model

(Ref. 3), Prevost's Model (Ref. 4), and the Systems, Science and Software Endo-

chronic Model (Ref. 5). A summary of some of the important features of each of

these models is included in Reference 6.

Until recently the data required to evaluate the parameters in the various

models were obtained from laboratory tests performed on undisturbed specimens.

The tests included uniaxial strain and triaxial shear. Unfortunately there

exist large discrepancies between computer code predictions using laboratory-

derived material models and experimental field measurements. It is generally

agreed that major contributors to these differences are sample disturbance and

the inability to properly characterize a site by testing a limited number of

soil or rock samples.

To avoid the difficulties associated with laboratory testing, in situ tests

have been developed and are becoming increasingly popular in the geotechnical

* community. One such test, the Cylindrical In Situ Test (CIST), was developed

by AFWL to aid in the determination of the in situ dynamic properties of the

geologic material. Thus laboratory testing may be supplemented with in situ
* measurements and from this synthesis of information the appropriate material

parameters can be determined.
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TYPICAL CIST TEST

Figure 1 (Ref. 7) illustrates the major features of a typical CIST experi-

ment. The CIST consists of a vertical cylindrical cavity 0.61 in in diameter

drilled to a depth several meters below the deepest gage location. The explo-

sive source placed within the cavity consists of 400-gr PETN (pentaerythritol

tetranitrate) detonating cord wrapped on racks to give a uniform loading

density of approximately 1.5 kg/linear meter. The explosive configuration is

designed to generate a peak pressure at the cavity wall of approximately 41.4

to 48.3 MPa upon detonation. The vertical cylindrical loading geometry offers

the obvious advantage that near surface horizontal layers can be exercised with

a minimum of interactions among layers.

Accelerometers are a primary source of ground motion data obtained fron

a CIST. Radial sensing accelerometers are typically placed at ranges of ).91 r"

1.52 m, and 2.44 m from the centerline of the CIST cavity. Vertically sernsi4,'

accelerometers are sometimes placed at these locations to provide an estimate

of the one-dimensional simulation time beyond which two-dimensional effects

become important. Other instrumentation used in CIST includes cavity pressure

and soil stress gages.

Cavity pressure gages are placed in contact with the cavity wall and the

data recorded can provide an estimate of the pressure/time history resulting

from the detonation of the explosive array. The experimental cavity pressure

records are sometimes represented analytically by a decaying exponential

relation. In this form it may be used as input for the finite difference code

in the development of the material models for the site.

Material models are developed by systematically and logically varying the

parameters which describe the assumed mathematical form of the model until a

combination results in a reasonable approximation to the experimental data.

In CIST analysis the radial velocity/time histories, obtained by integrating

the radial accelerometer records, are compared with the computer-generated

radial velocity/time histories.

6
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CIST 20 and CIST 21

One general class of geologic material that may be encountered in the

proposed Missile-X (MX) siting areas are those of volcanic origin. In an

effort to obtain representative dynamic material properties for the Nevada

volcanic rocks, CIST 20 was conducted in rhyolite at Ralston Valley, Nevada

and CIST 21 was conducted at Hot Creek Canyon, Nevada in tuff. Previous CIST

experiments have been performed in alluvium and playas.

The objective of this analysis report is to present material models devel-

oped for tuff and rhyolite rocks. The analysis of CIST 21 (Section II) is

presented first because the experimental data were of higher quality, which

resulted in a more detailed analysis. The analysis of CIST 20, presented in

Section III, was limited in scope as the data quality did not warrant extensive

investigation. Section IV presents a comparison of laboratory and in situ

material parameters obtained from tests performed on Nevada Test Site (NTS)

tuff. Section V summarizes the results and provides suggestions for improving

testing in rock materials.
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11. CIST 21 ANALYSIS

TEST SITE DESCRIPTION

CIST 21 was conducted in Hot Creek Canyon, east of Warm Springs, Nevada

(Figs. 2 and 3). The geologic profile (Fig. 4) shows that the site consisted

of mroderately welded tuff overlain by a thin surface layer of silty sand. The

water table was located 7.62 in below the ground surface. The in situ unit

weight of the tuff can vary between 2160 and 2350 kg/i,,i3 depending upon the

degree of saturation. Laboratory tests indicated that the tuff at the test

site had a dry density of 2157 kg/riO, a specific gravity of 2.671, and a void

ratio (volume of voids divided by volume of solids) of 0.232. Figure 5, a

photograph of rock core obtained from the site, suggests that the tuff was

relatively free of jointing. The Rock Quality Designation index (RQD) was not

calculated at the time of drilling. Because some of the core was missing at

the time of this analysis, RQD could not be determined.

I NSTRurIENTATION

Ground motion data were obtained from accelerometers located at four

depths (3.96 ml, 5.18 ill, 9.14 in, and 12.19 111). At each depth, four ranges

(0.91 inl, 1.52 in, 2.44 inl, and 3.66 ill) were instrumented. (Based upon borehole

inclinomieter surveys of instrumentation holes in CIST 23, radial position

errors can be as great as plus or mninus 150 mml.) Radial and vertically sens-

ing accelerometers were located at the 3.96- and the 12.19-111 depths, while

only radial accelerometers were used at the two intermediate depths. In addi-

tion to the accelerometers fielded, cavity pressure nmeasureiments were made at

the 3.96-, 5.18-, and the 9.14-m depths. Thus two depths above and two depths

below the water table were instrumented. No soil stress gages were used in

CIST 21.

In general the quality of the data was adequate; however, a large percen-

tage (-- 70 percent) of the data records had early timie failures. Those inea-

surements which did last for periods of tiime exceeding 20 inls had baseline off-

sets. The instrumentation failures caused difficulties in the data analysis

because the unload portion of the motion pulse could not be accurately

modeled. This resulted in uncertainties in miaterial model development because

the unload portion of the velocity pulse was influenced by the yield surface

used in the material mlodel (AFWL Engineering Mlodel).

9
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DATA ANALYSIS

The analysis of CIST 21 consisted of examining the experimental waveforms

(integrated accelerometer records, i.e., particle velocity) to aid in deter-

mining some of the initial estimate material model parameters. Using the

initial parameters a one-dimensional finite difference calculation was per-

formed in an attempt to match the experimental records. Comparing the experi-

mental and numerical waveforms, the model parameters were updated in an attelipt

to better match the experimental data. The iterative procedure was perforried

using the CERF Soil Parameter Iterative Code (SPI) (Ref. 8). Basically the

SPI code is a nonlinear curve fitter coupled to a one-dimensional wave propa-

gation code (WONDY, Ref. 9) which seeks the set of material property paraweters

that results in the best fit of the experimental radial velocity/time histories.

In utilizing a one-dimensional code to evaluate CIST events the magnitude

and time of arrival of two-dimensional effects in the radial waveforms must be

estimated. Theoretically the occurrence of any vertical motion is an indica-

tion of multidimensional effects which may be caused by the finite length of

the CIST cavity and the free surface. Such effects may be deduced by comparinj

experimental radial and vertical velocity waveforms at the same gage locations.

In CIST 21 the middle two gage depths did not have vertically sensing gages;

therefore the arrival of two-dimensional effects had to be estimated from the

other gage locations.

Future CIST events should have vertical motion measurements at all radial

motion measurement locations. These gages are necessary for determining two-

dimensional effects and also for comparison with two-dimensional calculations.

It should be noted that one-dimensional calculations are not necessarily ade-

quate for CIST analysis but should be viewed as preliminary to two-dimensional

analysis.

CIST 21 appeared to have more early time two-dimensional effects than

normally observed in CIST events. This conclusion was based on the empirical

rule which assumes that if the ratio of vertical to radial velocity is 0.1 or

less, the test may be considered predominantly one-dimensional. Table 1 sum-

marizes the vertical to horizontal velocity ratio calculated at the 3.96- and

12.19-m depths. The 12.19-m depth data do not fit the assumption of one-

dimensionality, and the 3.96-m depth also has larger vertical motions than

are desirable. After carefully examining the experimental waveforms, the

14



decision was made to treat the experiment as one-dimensional for the first

10 to 15 nis. Two-dimensional effects are believed to control the motions at

later times and can only be examined by the use of two-dimensional codes.

TABLE 1. RATIO OF PEAK VERTICAL VELOCITY TO PEAK RADIAL
VELOCITY

Deri in Range, m

0.91 1.52 2.44 -3.66

3.96 0.33 0.14 0.07 0.28

12.19 0.40 No data 0.45 1 0.33

Plots for time of first arrival versus range and time of arrival of the

peak radial particle velocity versus range are shown in Figure 6. There ap-

pears to be little variation with depth in the seismic wave speed, Ci , and

the velocity of the plastic wave, C . Therefore the material properties of

the tuff above and below the water table were indistinguishable on the basis

of wave speeds observed. This may also be inferred from Figure 7 where peak

radial particle velocity versus range for all gage depths is plotted. The

variation in peak particle velocity at each range shows little variation with

depth except for the far range at the 12.19-m depth. As was shown earlier,

this depth was highly two-dimensional and it is not surprising that the peak

velocities attenuated differently from the other iawe depths. The CIST 21

peak radial particle velncities attenuated at approxii:,ately R- . By co'vpari-

son elastic theory predicts cylindrically expanding waves attenuate at R

PRESSURE BOUNDARY

A pressure boundary was used to drive the calculation in the CIST 21

analysis. This was done by fitting a function of the form

P(t) =  Po 1 - t (1)0' t0

where

P(t) = ptossure in megapascals

P = peak pressure in megapascals

0

, 15
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to = total duration of the positive phase in milliseconds

t = time in milliseconds

N = decay constant

to cavity pressure measurements. Unfortunately only one reliable measurement

was available and it malfunctioned after 12 ms. Figure 8 shows the experi-

mental cavity pressure record and the curve that was chosen to fit it. The

resulting equation used in the analysis was

P(t) = 34.5 MPa (1 - lO-- = 5000 lb/in' 1 - O (2)lOO) 1 lOOJ

There are two major differences in the experins-tal data and the curve fit

which will affect the calculational modeling.

1. The oscillatory nature of the experi,,ntai data is not reflected in

the function presented above; however, it is !eved that the tuff is capable

of transmitting these oscillations. Comparing the experimental motion data

to the calculated waveforms, the oscillatory nature of the measurements will

not be seen in the calculated data. Th's ditference was assumed to be insigni-

ficant.

2. Because there were no data records at late time the venting of the

CIST cavity could not be modeled. There are some empirical rules for model-

ing late time cavity venting as a function of depth of the cavity. Because

venting occurs first at the surface and proceeds down the length of the

cavity, the decay functions result in more impulse at the bottom of the cavity.

There appears to be so much uncertainty in these empirical rules that varying

the decay as a function of depth was not considered justifiable. The pressure

function was thus assumed to be representative for the entire cavity.

MATERIAL MODEL DEVELOPMENT

The first time of arrival plots and the time of arrival of the peak radial

velocity plots in Figure 6 were used to estimate the uniaxial wave speeds and

moduli for the tuff at the CIST 21 test site. The break points in the uniaxial

model were estimated by calculating a stress utilizing the peak velocity.

Examination of Figure 6 indicates that between the 2.44- and 3.66-n ranges the

plastic wave velocity, C , appeared to be approaching the elastic wave velocity,P
C. This suggests that the tuff was becoming elastic. This trend was also ob-

served in the experimental waveforms as the rise time to peak became less

18
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past the 2.44-m range. Utilizing the peak particle velocity at the 3.66-m

range, the elastic toe of the uniaxial model was then estimated to occur at

4.14 MPa (600 lb/in'). A weak rock failure surface was used as the initial

estimate in the code calculation. The initial material model parameters

utilized in evaluating CIST 21 are shown in Figure 9.

Because the experimental data at the 3.96-m depth was judged to be the

highest quality, calculations were first carried out by attempting to repro-

duce numerically the radial velocity/time histories at that depth. Calcula-

tions for the 5.18- and the 9.14-m depths resulted in material models that

were similar to those derived for the 3.96-i depth. The recommended material

properties for tuff are shown in Figure 10. A comparison of the experimental

and numerically generated waveforms for the initial and recommended material

model is shown in Figures 11 through 14. The calculations do not match all of

the features of the experimental data, especially the late time decay rate.

This was believed to be partly due to the occurrence of two-dimensional effects

and the overall quality of the data. The rapid attenuation past the peak in

the data could not be matched by the calculation using the properties given

in Figure 10. In an effort to determine if a different set of parameters

would result in a better match to the experimental data, another set of calcu-

lations was performed. Because the hydrostatic relation was judged to be

representative of the experimental data, only the parameters related to the

failure surface were varied. The variations included 1) increasing the

Von Mises limit, 2) increasing the intercept on the 1J- axis (cohesion),

3) reducing the slope of the Drucker-Prager portion, and 4) increasing

Poisson's ratio. None of the variations resulted in a better fit to the data,

and the waveform changes observed were similar to those observed by Bratton

and Higgins (Ref. 7). The material parameters recommended for tuff at the

CIST 21 site shown in Figure 10 may be used to evaluate the response of near-

surface tuffs at similar sites. Minor variations in either the failure

surface or hydrostat will not significantly alter the calculated response of

the media. However, if laboratory-derived miterial models are used, there may

be significant errors due to the difficulties inherent to laboratory testing.

This is discussed in Section IV of this report.

20



Von Mises limit = YZ

S YZ = 6.9 MPa

--Cohesion = 0.1 MPa

Pressure, p

Yield surface

P
2

Ku

0) 1KL

Ki = 6690 MPa
KL = 2843 MPa

P_ Ku = 6690 MPa

Ki P] = 2 MPa

1 P7 = 50 MPa

P - po
Excess compression, P - PO

PO

Hydrostat

Figure 9. Initial properties for CIST 21.

21



Von Mises limit =YZ

S = 0.77

Pressure, p

Yield surface

P 2

0 2510 kq/m'

v .15

Ku

KL Ki = 6752' MPa

1KL = 2800 MPa

Ku = 6753 MPa

-Pi = 1.62 MPa

P2 = 40 MPa

Excess compression, Pi = PO__

Hydrosta t

Figure 10. Recommended properties for GIST 21.
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Il. CIST 20 ANALYSIS

TEST SITE DESCRIPTION

CIST 20 was conducted at Ralston Valley [26 kin, 30'N of Tonapah, Nevada

*on Bureau of Land Management land (Fig. 15)] on 29 August 1977. The site con-

sisted of dry, dense rhyolite to a depth of 9.1 m below which the rhyolite

was saturated (Fig. 16). Laboratory testing of rhyolite from the site showed

the material to have a dry density of 2274 kg/m', a void ratio of 0.202, and

a specific gravity of 2.74. Rock core obtained indicated that the rhyolite

was highly jointed (Fig. 17). The jointing had a dramatic effect on the

derived material model parameters when compared to the results of CIST 21.

RQD was not determined during drilling operations.

Ground motion data were obtained at four depths (3.35 m, 6.4 m, 10.82 In,

and 13.72 in); at each depth four ranges were instrumented (0.91 in, 1.52 m,

2.44 m, and 3.66 in).- Thus two depths above and two depths below the water

table were instrumented. Cavity pressure measurements were-obtained at three

positions.

In general the data recovery for CIST 20 was considered poor. Only 30

percent of the gages survived longer than 30 nis and only 15 percent survived

longer than 100 ins. This makes correcting the data very difficult. In addi-

tion nearly all the channels had noise bursts which obscured the data, thus

making the analysis very difficult. Before additional CISTs are fielded in

rock materials, new protection schemes should be devised to ensure adeauate

data recovery. The behavior of fractured rock can be very complicated and

these complications make detailed analysis impossible without high quality

data.

DATA ANALYSIS

The analysis of CIST 20 was similar to that for CIST 21. Initial mate-

rial properties were estimated from the experimental data. Wave speeds and

breakpoints (changes in hydrostat slopes) were estimated from time of arrival

(first arrival and arvival of peak) and the peak radial particle velocity

plots. Unlike the CIST 21 data, which showed little scatter with depth, the

CIST 20 data varied greatly in both arrival times and attenuation rates.
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Range, m

0.9' 1.50 2.40 3.70
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0 Radial + vertical acceleration
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0 Blast pressure

Figure 16. Cross section of hole and gage configuration with
geological stratification, CIST 20.
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Figure 17. Rock core trom CIST 20.
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The first time of arrival plots, shown in Figure 18, indicate that the

rhyolite above the water table has an initial seismic wave speed of 1800 m/s.

Below the water table the seismic wave speed is significantly higher at

3200 n/s.

Thus, while the tuff at CIST 21 did not show any apparent differences

because of the influence of the water table, the same is not true for the

rhyolite tested at CIST 20. Time of arrival of the peak particle velocity is

not shown due to data quality and scatter.

The peak particle velocity versus range plot is shown in Figure 19. As

can be seen, the data has a great deal of scatter. None of the close-in mea-

surements survived longer than 2 is. Thus the symbols with the "+" sign indi-

cate that the gage may have malfunctioned prior to the arrival of the peak. A

comparison of peak particle velocities indicates that, in general, CIST 20

particle velocities were higher than those from CIST 21. This indicates that

the rhyolite is more compressible than the tuff at CIST 21, provided the

loading functions were equal.

The particle velocities at the 0.9-i range (Fig. 19) were judged to be

less than the peak because larger velocities were recorded at the 1.5- and the

2.4-n ranges. Therefore less importance was placed on the data from the 0.9-n

range for CIST 20 analysis. The data from the 2.4- and 3.65-11 ranges were

given the most consideration because the data appeared to be more reliable

and consistent. In addition the measurements made above the water table were

analyzed in greater detail than those below because the data quality was

better. Below the water table the record at the 10.82-11 depth and 2.4-Pi

range was considered to be the only usable information in terms of one-

dimensional analysis. In the CIST 21 analysis it was shown that the deepest

gage location was highly two-dimensional. This was assumed to also be true

for CIST 20. The assumption seems valid since the particle velocities at the

13.72-n depth are much less than those measured at the shallower depths.

Because no vertically sensing gages were placed at 13.72 i, a detailed examina-

tion of two-dimensional effects was not possible.

PRESSURE BOUNDARY

The cavity pressure data obtained from CIST 20 were less than ideal. Two

of the three gages fielded recorded data for long periods of time; however,
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both gage records exhibited behavior different from what would be expected.

Figures 20 and 21 are the records obtained at the 6.42- and 10.85-1 depths

respectively. In Figure 20 the -6.9 MPa (-1000 lb/in ) initial pressure was

believed to have been caused by case sensitivity in which stresses were

locked in the case and consequently released by the pressure pulse resulting

from detonation. In Figure 21 the long rise time makes the measurement sus-

pect because a shock type detonation is usually recorded during CIST experi-

ments. In the one-dimensional calculations for CIST 20 a pressure function of

the type discussed earlier was used to approximate the data. The peak pres-

sure was assumed to be 34.5 MPa (5000 lb/in') and the positive phase duration

was assumed to be 0.125 s. The decay constant was determined to be N = 10.

Thus the pressure function was

P(t) = 34.5 11 - t (3)l0_ 25 (

where

P(t) = pressure in negapascals

t = time in milliseconds

This relation has been plotted with the experimental data in Figures 20 and

21 for comparison. In Figure 21 the impulse from Equation 3 will be greater

than the impulse from the experimental data. Equation 3 also seems to fit

the experimental record of Figure 20, provided the assumed peak pressure of

34.5 MPa is valid. Equation 3 compares well with the relation used in the

CIST 21 analysis.

MATERIAL MODEL DEVELOPMENT

The initial hydrostat for CIST 20 was assumed similar to the CIST 21

hydrostat except in the low pressure region where the initial slope of the

hydrostat was determined using the first time of arrival data, i.e., seismic

wave speed, C i  The initial failure surface was assumed to be the same as

determined for CIST 21. The SPI code was used to obtain the model parameters

which best fit the experimental records. The recommended model parameters

are shown in Figure 22.
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VnMises limit = YZ

YZ = 13.4 MPa
Y,' = 0 MPa

S = 0.62

Pressure, p

(a) Yield surface

P,
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v .175

Ku
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KL Ki = 3845 MPa

KL = 480 MPa

Ku = 4056 MPa

Pi = 2 MPa

Ki P2 = 11.35 MPa

Excess compression, I,=

(b) Hydrostat

Figure 22. Recommended properties for CIST 20.
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Figure 23 is a comparison of the experimental data obtained above the

water table and the numerical waveforms calculated using the recommended

material properties. The calculation is felt to be a reasonable match to

both the 3.4- and the 6.4-m depths. At the 2.4-m range the calculated wave-

form falls below both of the experimental records, but an attempt to better

match this range results in poor fits to the data at the other ranges. The

3.4- and 6.4-n depths were assumed to have identical properties; therefore

deviations between data records represent variations which are unvoidable in

in situ testing. These variations were not believed to be representative of

significant material property changes within the material above the water

table.

Figure 24 is a comparison of the experimental data from gages below the

water table to the calculated waveforms using the recommended properties. As

can be seen, the comparison is not very good. There are several problems that

are significant in attempting to compare the experimental and calculated wave-

forms for the material below the water table. The first difficulty is that

the data at the 13.71-m depth is near the bottom of the CIST cavity and two-

dimensional effects may be dominating the motion records. Therefore compar-

ing one-dimensional calculations to data with two-dimensional effects is mean-

ingless.

At the 10.67-m depth there was only one record (R = 2.4 m) which survived

for a significant period of the simulation time. On the basis of this single

record it must be concluded that the material model obtained from the upper

dry rhyolite does not predict the response of the rhyolite below the water

table. Therefore additional analysis will be needed to obtain a model for

saturated rhyolite. This analysis would have to be performed utilizing two-

dimensional calculations and the data at the 13.7-m depth. By performing

two-dimensional response calculations of CIST 20, the calculated vertical

motion records could be compared with the experimental data. This may also

determine if the model developed for rhyolite above the water table, using

one-dimensional analysis, is valid for a two-dimensional calculation.
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IV. COMPARISON OF LABORATORY AND IN SITU MATERIAL PARAMETERS

Tuff materials from Nevada have been studied extensively. Laboratory

tests performed have included ultrasonic, uniaxial, and triaxial tests. Test-

ing procedures generally consist of testing small intact samples which do not

sufficiently represent the entire in situ material. In addition to laboratory

testing some in situ seismic methods have been utilized.

In situ rock masses are seldom homogeneous. Fractures resulting from

tectonic stresses, weathering, and shifting of rock masses are commonplace.

Bedding planes and depositional characteristics also contribute to the non-

homogeneity of tuff. Brown and Swanson (Ref. 10) conducted triaxial tests on

intact granite rock samples and specimens which were fractured in the labora-

tory. The fractured rock had lower strength at low confining pressures. How-

ever, at high confining pressures it behaved the same as the intact rock. In

addition the axial stress-strain behavior of the fractured rock was more

ductile than that of the intact rock. The same trends observed by Brown and

Swanson should be evident in tuff although no laboratory tests have been per-

formed on fractured tuff.

Sample disturbance will also influence the behavior of material tested in

the laboratory. Tuff which was sampled at Mount Helen was found to have
absorbed drilling water, resulting in an increase in water content of 1.5 to
8 percent (Ref. 11). It was also found that the ultrasonic wave velocities

were 20 to 25 percent greater than in situ measured velocities. This would

result in a uniaxial modulus which would be 1.6 to 2.4 times greater than the

modulus determined from a seismic survey. Reference 11 recommends that the

in situ modulus be used for the initial modulus, but offers no methodology for

adjusting the higher stress moduli or failure surface to account for in situ

conditions.

Because of the differences between laboratory and field conditions it is

difficult to determine how laboratory tests can be used to develop material

properties for field conditions. A field test such as CIST allows the evalua-

tion of material properties hopefully with minimal disturbance at stress leveic

of interest.
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Seismic surveys give only the elastic constants and may have little resem-

blance to the high stress properties. Stephens, Heurd and Schock (Ref. 12)

suggest that for tuff the elastic sound waves travel through contact points

between fractures and that the sound wave in effect finds a mean path through

the fractures and cracks. Reference 5 also states that "The moduli (Bulk,

Shear, Young's) below about 30 MPa are expected to be higher than either the

in situ field or static (P-V) nmoduli, perhaps by as much as several hundred

percent." This was due to the fracture and crack patterns. Reference 12 is

concerned with high-pressure equations of state to 350 MPa. An expanded plot

of their data in fact shows that the moduli is less than the initial modulus

[Fig. 25 (Ref. 12)], but as the pores collapse the modulus increases. This is

similar to the CIST 21 behavior and it may be expected that at higher pressure

levels the tuff at the CIST 21 site would begin to stiffen as the cracks begin

to close. Reference 12 also gives a good discussion on the effect of fracture

on the shear strength of rocks.
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I
V. CONCLUSIONS

,laterial models were developed for tuff and rhyolite based on experimental

data from CIST 21 and CIST 20 respectively. The CIST 21 tuff was found to be

significantly stiffer than the rhyolite at CIST 20 although the in situ density

of the rhyolite was greater. This was because the rhyolite was more highly

fractured than the tuff. The failure surfaces suggested were similar with

CIST 20 having a higher Von Mises limit. The recommended models for CIST 20

and CIST 21 could not match every detail of the experimental waveforms; however,

they are an attempt to match the general character of the waveforms.

The major difference in modeling both CIST 20 and CIST 21 was that the

behavior of the rhyolite located below the water table at CIST 20 could not

be reproduced. In CIST 21 the tuff above and below the water table appeared

to respond the same. This was felt to be due to the homogeneous nature of

the tuff. The rhyolite below the water table responded differently from the

dry rhyolite above the water table. In addition the loss of data below the

water table in CIST 20 caused significant uncertainties in the analysis; there-

fore less effort was placed in analysis of that data. It was later learned

that a borehole near the cavity had an elevated water level posttest. It is

now believed that large excess pore pressures were generated during the CIST

20 event and that these pore pressures could have had a significant influence

on the material model. It may be possible to develop a model for the material

below the water table; however, the analysis will have to utilize two-

dimensional calculations.

A survey was made of available publications regarding the properties of

tuff from Nevada. In general, laboratory tests will overestimate the strenith

and stiffness of tuff because small intact samples tested in the laboratory

are not representative of the in situ rock. The fracture pattern in situ can-

not be tested in the laboratory, and these discontinuities are significant

and to a large extent control the behavior of tuff and rhyolite in situ. It

should be noted that CIST 20 and 21 were near-surface events and that the jeo-

static stresses are not believed to play a large role in material response.

At qreater depths the fractures may be less important.
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To ensure adequate data recovery several changes to gage installation

could be made. Armored cables could be used to ensure that the cables are

not cut. In addition, exiting the cables from slanted holes would help

improve data recovery. AFWL should investigate these and other techniques to

improve the quality of data obtained from a CIST. Because of the very poor

survival rate of blast pressure measurements, particular emphasis should be

placed toward improving cavity pressure data recovery.

The CIST 20 and 21 tests provide a great deal of information and insight

into the response of rock materials subjected to impulsive loadings. The

material properties suggested are believed to be representative of the near-

surface tuff; however, there are some unanswered questions regarding the

behavior of saturated rhyolite at CIST 20.

For additional CIST 20 and CIST 21 related information, the reader is

referred to Reference 13 which contains the experimental records for these

events.
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